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the evolution of one of the most efficient biological sys-
tems in the cell. They also have immense potential to be
used in medicine, both for diagnosis as well as therapy,
especially in cancers and bacterial or viral infections,
which may be realized as oligosaccharide binding pro-
files and preferences become better understood.
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Erythrocruorins are very large extracellular hemoglo-
bins found in some invertebrates. In this issue of
Structure, Royer et al. (2006) report the structure of
the 3.6 MDa, 180-mer of Lumbricus (earthworm) hemo-
globin consisting of 144 globin and 36 linker chains.
Erythrocruorins are high molecular mass (1,500,000 to
4,000,000 Da) hemoglobins found in the hemolymph of
many annelid worms and some other nonvertebrates
(for a superb review on the great diversity and adapta-
tions of nonvertebrate hemoglobins, see Weber and
Vinogradov [2001]). They are similar to vertebrate hemo-
globins, the best characterized proteins in biochemistry,
in that they bind one molecule of oxygen per heme and
function as oxygen carriers. The ‘‘How’’ and ‘‘Why’’
questions about the existence and nature of these large
assemblages has intrigued scientists for nearly two cen-
turies. Lumbricus erythrocruorin prepared by Hu¨nfeld in
1840 was the first protein crystallized (Reichert and
Brown, 1909). Thus, the report of the structure of eryth-
rocruorin 166 years later in this issue of Structure by
Royer and colleagues is a remarkable milestone.
These molecules have many interesting structural and
functional features. Svedberg and Eriksson-Quensel
(1934) discovered that the extracellular hemoglobins of
the earthworm, Lumbricus terrestris (LtHb), and related
annelids are gigantic molecules with masses greater
than 3 3 106 Da, w50 times the mass of human hemo-
globin. They honored these gigantic hemoglobins by
naming them erythrocruorins to distinguish them from
their smaller brethren. Early studies with electron
microscopy showed them to have a hexagonal bilayer
structure with a large central hole (Levin, 1963), whichis filled in erythrocruorins of some other annelids.
Among their most intriguing functional properties are
unusually high cooperativity of oxygen binding and
use of calcium as an allosteric factor.
The determination of the size and polypeptide compo-
sition of erythrocruorins has had a tortuous history. The
molecules were initially believed to be composed wholly
of heme-containing globin subunits, but some disturb-
ing observations did not fit this picture: the iron content
was significantly lower than expected, and heme-free
subunits were found experimentally. Although the four
unique globin subunits (a, b, c, and d) had the expected
masses of 14–17 kDa, small quantities of 24–35 kDa sub-
units were also present, but these were regarded either
as contaminants or ill-defined aggregates of the globin
subunits. Vinogradov et al. (1986) resolved this problem
with clear evidence for unique nonglobin, nonheme
structural subunits called ‘‘linkers’’ that line the central
hole to form an internal ‘‘bracelet’’ to which the hemo-
globin subunits are attached. A total of four different
linkers have since been identified as constituents of
LtHb: L1, L2, L3, and L4 (a minor component similar to
L3) (see Kao et al., 2006).
In this issue of Structure, Royer and colleagues report
the crystal structure of this enormous molecule to a res-
olution of 3.5 A˚, and they have determined the positions
of the 144 globin subunits and 36 linkers in the assem-
blage. This is the largest three-dimensional protein
structure reported to this resolution. It is significantly
larger than the 50S ribosomal subunit and is comparable
in size to many viruses (Figure 1). The disulfide-linked
globin heterotrimer (abc), together with the fourth globin
subunit (d, a monomer) and three unique linkers (L1, L2,
L3: excluding the minor component L4), are the five
players in the choreography of the assembly process.
How do they assemble into the full-sized molecule?
What is the smallest functional unit? Why are four
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1095Figure 1. The Sizes and Oligomeric Forms of Hemoglobins Relative to Other Large Protein and Protein-Nucleic Acid Complexes
The smaller myoglobin or Hbs are shown as van der Waals spheres for main chain and heme atoms, with heme groups shown in red, E and F
helices in cyan. For the annelid Hbs, Riftia Hb is shown with the globin chains in green or blue and the hemes in red. See Royer et al. (2006) for
the color scheme of LtHb. Note the central role that EF helical contacts make in the assembly of many of the invertebrate hemoglobins. Hb
structures shown and their PDB codes: Homo sapiens (human) HbA (2HHB), Petromyzon marinus (sea lamprey) deoxy HbV (3LHB), Caudina
arenicola (sea cucumber) HbD (1HLM), Lumbricus (earthworm) hemoglobin and linker chain L2 (2GTL), Riftia pachyptila (vent worm) C1 Hb
(1YHU), Urechis caupo (innkeeper worm) Hb (1ITH), Scapharca inaequivalvis (clam) HbI (3SDH), and Scapharca inaequivalvis (clam) HbII
(1SCT). Other large molecules shown include Lactobacillus 30a ornithine decarboxylase (1ORD), the 50S ribosomal subunit (1S72), and rhino-
virus 16 (1AYM). Figure modified with permission from that in Royer et al. (2005).different Hb chains needed in the assemblage, and how
important are the intra- and intersubunit disulfide bonds
to the assembly, stability, and function of the complex?
In light of our knowledge of this impressive structure,
these and other important questions can now be
addressed.
Each linker sequence has a similar domain structure
and some curious features. The N-terminal domain con-
sists of two helical segments (Figure 1). The central
domain is an w40 residue, cysteine-rich segment
homologous to the ligand binding domains of the
human low-density lipoprotein receptor (LDLR), and
the C-terminal domain is an eight-stranded b barrel.
The three disulfide bonds in the central domain of
each linker have exactly the same connectivity as those
in the LDLR (Kao et al., 2006). How is this connectivity
achieved? The LDLR domains have a calcium binding
site that must be occupied for folding to the native struc-
ture with the correct disulfides (Atkins et al., 1998). The
calcium binding residues of the LDLR are completely
conserved in the erythrocruorin linkers and can beseen in the new structure. What roles do the linker
domains and calcium play in the erythrocruorin assem-
bly process? The picture emerges that thisw40 residue
cysteine-rich segment is a general purpose protein
binding motif which appears in numerous protein-
protein interactions.
What are the biological advantages of such large as-
semblies? One advantage commonly noted is that large
complexes can be retained extracellularly within the
vascular system, permitting very highly effective con-
centrations without extreme osmotic consequences.
Another possible advantage is suggested by the
enormous surface area of LtHb, w1,000,000 A˚2 versus
w24,000 A˚2 for human Hb, with thousands of negatively
charged residues at physiological pH (the isoelectric
point of LtHb is w5.3). Perhaps such a surface could
act as a cation-exchange resin to bind ions, small mole-
cules, and possibly proteins. Earthworms eat their way
through mountains of earth: w27,000 earthworms per
acre ingest as much as 14,000 kg of earth per year
(Darwin, 1881) and so must ingest a variety of potentially
Structure
1096toxic substances. Thus, LtHb may serve as a defense
mechanism by binding toxins. The presence of copper
and zinc in purified LtHb led Liochev et al. (1996) to
discover that LtHb has superoxide dismutase activity,
another defense against toxins. The exact site of this ac-
tivity remains to be identified, but Royer et al. (2006)
identified a possible zinc site.
The multitude of subunit-subunit interactions in these
assemblages makes possible highly cooperative oxy-
gen binding (LtHb has a maximum Hill coefficient R8
[Weber and Vinogradov, 2001]). The E/F helices of glo-
bins provide the binding pocket for the oxygen-carrying
heme group. These helices are on the surface of the a2b2
tetrameric Hbs of higher vertebrates well away from the
subunit interfaces. In contrast, the globin chains of many
invertebrate Hbs use a different strategy for the E/F
helices. A wide range of quaternary structures, from
dimer to the 180-mer of LtHb, employ a common organi-
zational motif that relies on extensive intersubunit
contacts between ‘‘E’’ and ‘‘F’’ helices—the ‘‘E/F dimer
interface’’ (Figure 1 and Royer et al., 2005). This E/F
dimer interface might allow for the most direct form of
heme-heme interactions to give rise to the high degree
of cooperativity seen in the oxygen binding by Lumbri-
cus Hb. What structural transitions during oxygenation
could account for this high cooperativity? The determi-
nation of the corresponding deoxy structure required
to answer this question is eagerly awaited. We should
then be able to identify the sites of allosteric calcium
binding associated with the release of protons during
oxygenation that makes oxygen binding pH-dependent,
a possible regulatory function.Structure 14, July 2006 ª2006 Elsevier Ltd All rights reserved DOI 10
PHinDing a New
Histone ‘‘Effector’’ Domain
Lysine methylation on histones represents an im-
portant epigenetic indexing system for active and
repressed chromatin states. Four papers published
recently by Nature highlight the discovery of the PHD
finger as a new histone methyl-lysine recognition
domain.
Eukaryotic DNA is packaged in cells with histone and
nonhistone proteins that collectively make up the chro-
matin fiber. This packaging is highly dynamic and regu-
lates access to DNA for essential cellular processes
such as transcription, replication, repair, and recombi-
nation. Fundamental mechanisms for regulating chro-
matin structure involve the remodeling of nucleosomes
by enzymes that catalyze nucleosome mobility on DNA
or that catalyze the posttranslational modification of his-
tone proteins. Flexible histone tails protrude from the
lateral surface of the disc-shaped nucleosome coreMarvin L. Hackert1 and Austen F. Riggs2
1Department of Chemistry and Biochemistry
2Section of Neurobiology
School of Biological Sciences
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particle (Luger et al., 1997) and are the substrates for nu-
merous enzymes that introduce a diverse array of post-
translational modifications into chromatin, including
acetylation, methylation, phosphorylation, ADP-ribosy-
lation, ubiquitylation, and sumoylation. This remarkable
diversity underscores an extraordinary combinatorial
complexity that cells can use to regulate access to
DNA. To help make sense of this complexity, a ‘‘histone
code’’ has been proposed (Strahl and Allis, 2000; Turner,
2000), which suggests that specific patterns of modifi-
cations are read like a molecular bar code to recruit
the cellular machinery required for establishing distinct
chromatin states. Many of the enzymes that regulate
particular histone modifications are known, but less is
known about how specific modifications, or patterns
of modifications, are read by the cellular machinery to
effect changes in chromatin structure.
Histone lysine acetylation and methylation have
received considerable attention in recent years. Lysine
acetylation of histones is, in general, correlated with
transcriptionally active chromatin regions, while lysine
methylation is correlated with both transcriptional acti-
vation and repression. Protein modules that recognize
